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Hydrodynamic plasma waveguides initiated by optical field ionization have recently become a key
component of multi-GeV laser wakefield accelerators. Here, we present the most complete and accurate
experimental and simulation-based characterization to date, applicable to current multi-GeV experiments
and future 100 GeV-scale laser plasma accelerators. Crucial to the simulations is the correct modeling of
intense Bessel beam interaction with meter-scale gas targets, the results of which are used as initial
conditions for hydrodynamic simulations. The simulations are in good agreement with our experiments
measuring evolving plasma and neutral hydrogen density profiles using two-color short pulse interfer-
ometry, enabling realistic determination of the guided mode structure for application to laser-driven plasma
accelerator design.
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I. INTRODUCTION

Laser wakefield acceleration (LWFA) in plasmas is a
promising technique for achieving multi-GeV/m accelera-
tion gradients [1,2]. LWFA has been applied to high energy
photon sources [3,4], free-electron lasers [5], and secondary
particle generation [6,7]. Staging of multiple LWFAs has
been proposed to realize a TeV electron collider for high
energy physics [8,9]. Although multi-GeV [10–13], high-
charge (∼nC) [14], and low energy spread (<1%) [15]
electron beams have been demonstrated separately, a laser
wakefield accelerator realizing all of these features will be
competitive with conventional accelerators provided there is
an improvement in high-repetition rate, high energy ultrafast
lasers [16] and precise control of laser propagation in
plasma [17].
Laser wakefield acceleration of electrons to the

∼10 GeV scale in a single acceleration stage requires
maintaining a normalized laser vector potential a0 > 1
over tens of centimeters of plasma at low on-axis plasma
densities Ne0 ∼ 1017 cm−3 [11], demanding some form of
laser guiding. Low plasma density imposes steep laser

requirements on relativistic self-guiding: petawatt laser
power and a0 ≫ 1. By contrast, acceleration driven by
pulses guided in preformed plasma waveguides requires
a0 > ∼1 and reduced powers of a few hundred TW, a
significantly more efficient use of laser energy [11].
The most often-used preformed plasma waveguides have

been generated from capillary discharges [10,18,19] or
hydrodynamic expansion of elongated laser-induced plas-
mas [20–35], pioneered in [20,21]. For future practical
laser-driven accelerators at ∼10 GeV and higher, plasma
waveguides from laser ionization of meter-scale gas jet
sources [11,17,26–28] are preferable for their wide tunability
in refractive index structure and length, their easier access for
diagnostics, their ability to operate at very high repetition
rate, and their immunity to laser-induced damage. We have
developed two approaches to generate meter-scale, low
density plasma waveguides using optical field ionization
(OFI) by short pulse Bessel beams [28]: the 2-Bessel method
[26] and the self-waveguidingmethod [27], also shown for 3-
mm high density plasmas [29]. These methods are essential
to ionize the cylindrical shock in the neutral gas surrounding
the OFI-heated plasma to form the waveguide cladding; at
low densities, the initial OFI plasma itself does not evolve
to form a concave structure appropriate for optical guiding
[26–29]. Subsequently, we implemented the self-waveguid-
ing method to demonstrate all-optical multi-GeV laser
wakefield acceleration for the first time [11].
Crucial to further development of low density meter-scale

waveguide-based LFWA is the detailed characterization of
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the waveguides themselves. In our earlier work [11,27,28],
we first demonstrated the use of two-color interferometry and
fluorescence imaging to characterize OFI-induced plasma
waveguides, where knowledge of both the plasma and
neutral density profiles is essential for implementing the
2-Bessel and self-waveguiding methods. Our more recent
multi-GeV acceleration results [17] have highlighted the
need for even higher fidelity measurements and simulations;
those experiments reveal a newmodal propagation effect that
depends sensitively on the waveguide structure and, in turn,
determines the electron spectra.
Recent work [35] has compared hydrodynamic simu-

lations of OFI-induced plasma waveguide generation to
single color interferometric measurements of electron
density profiles generated by a short focal length lens-
focused high intensity pulse [30], assumed in the simu-
lations to have a Gaussian transverse profile unaffected by
propagation in the ionizing gas. However, as we will show,
the generation of long, meter-scale plasma waveguides
necessitates self-consistent propagation simulations to cor-
rectly determine the 3D electron density and temperature
profiles for use in hydrocode simulations. Furthermore,
measurement of both the electron and neutral gas density
profiles, lacking in [35], is crucial to proper benchmarking of
simulations and to methods for generating the plasma
waveguide cladding [26,27].
In this paper, we present the first comprehensive exper-

imental and simulation study of meter-scale plasma
waveguides considering the self-consistent Bessel-beam-
induced OFI and heating of a long gas target and the
hydrodynamic response of both the plasma and neutral
species. We use two-color interferometry to extract the
plasma and neutral hydrogen transverse profile evolution
over a 10 ns range, delays sufficiently long to accommodate
up to ∼100 μm waveguide mode sizes for proposed
∼100 GeV accelerator stages. Specifically, we perform
(i) self-consistent propagation simulations [27,36] of
intense femtosecond Bessel beams in hydrogen gas for
generation and heating of meter-scale plasmas, (ii) simu-
lations of the hydrodynamic evolution [37] of the Bessel
beam-initiated plasma and neutral hydrogen profiles, and
(iii) quasibound modal analysis [38] of the simulated
waveguides. We compare the hydrodynamic simulations
to experiments measuring the evolution of the electron
density and neutral species profiles.

II. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup. A waveguide-
forming pulse (λ ¼ 800 nm, τ ¼ 50 fs FWHM, energy 150
or 300 mJ, R ¼ 2 cm beam radius) was phase corrected by
a deformable mirror [39] and focused by a diffractive
axicon (fused silica substrate, 0.5 mm thick, 55% first order
efficiency) to form a zeroth order Bessel beam pulse
(denoted J0) in an experimental chamber with 67 mbar
hydrogen backfill (molecular density 1.7 × 1018 cm−3).

The Bessel beam rays approach the optical axis at an
angle γ ¼ 2.3°, giving a geometric focal length [21] of
Lfoc ¼ R= tan γ ≈ 50 cm. The phase correction was per-
formed to preserve the J0 profile over the full focal length
[39]. Both linearly polarized (LP) and circularly polarized
(CP) pulses were used. The ellipticity of the CP pulses was
measured to be 0.82 by a camera placed at z ¼ 20 cm on
the focal line [Fig. 1(a)], where z ¼ 0 is the location of the
diffractive axicon.
Two-color interferometry was used to separately extract

the time evolution of the free and bound electron density
profiles generated by the Bessel beam [27]; a photo of the
∼50 cm long hydrogen backfill plasma fluorescence is
shown in Fig. 1(d), with the in situ gas jet shown for scale
(along with the superimposed image of 20 cm jet plasma).
Use of two probe colors constrains interferometric extrac-
tion to two “species:” the free electron density and a
combined bound electron density, which we assume is
dominated by H2. This overestimates the H2 density in
locations where there is atomic hydrogen, as discussed
below and in [40].
Auxiliary pulses were split from the main beam before

compression, spatially filtered, compressed to< 100 fs and
frequency doubled with a 1-mm thick BBO crystal to form
a two-color (400 and 800 nm) probe beam, which passed
through a Δt ¼ 0–10 ns delay line and was then directed
transversely through the plasma column at z ¼ 23 cm, near
the axial center of the geometric focus. After the plasma, a
dichroic splitter directed each color probe to its own
shearing wavefront interferometer, where the phase shift
imparted to each probe beam was measured. Phase shift
images at 400 and 800 nm are shown in Figs. 1(b) and 1(c).
To extract the refractive index profiles (and thus the
electron and neutral profiles), the phase shift was averaged
over 500 shots (frames) as well as over 2500-pixel columns
(Δz ¼ 0.78 mm) along the Bessel beam axis to reduce
measurement noise to < 0.5 mrad rms. The spatial reso-
lution of the imaging system is ∼3 and ∼6 μm, respec-
tively, for the 400 and 800 nm interferometry arms. The
plasma and neutral density profiles are extracted from the
phase shift profiles by Abel inversion [44]. Further details
of interferogram processing can be found in Appendix A.
We measured the Bessel beam-induced plasma expan-

sion for both LP and CP J0 pulses in 67 mbar (50 torr)
hydrogen backfill for pulse energies εBessel ¼ 150 and
300 mJ. The extracted electron and neutral density profiles
for εBessel ¼ 150 mJ are plotted in Figs. 2(a) and 2(a′) for
LP and in Figs. 2(b) and 2(b′) for CP. The εBessel ¼ 300 mJ
case is presented in Appendix A. The initial electron
density column at Δt ∼ 0 formed by field ionization by
the Bessel beam [Figs. 2(a) and 2(b)] shows radial
modulations from the Bessel rings. The tranverse electron
and ion pressure gradients then drive hydrodynamic
expansion of the ionized hydrogen gas, with the on-axis
electron density rapidly decreasing and a shock forming
between the expanding plasma and the neutral gas on the
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periphery [Figs. 2(a′) and 2(b′)]. Note that at no point in the
hydrodynamic evolution does there develop a concave
electron density profile capable of optical guiding, making
necessary the auxiliary 2-Bessel or self-waveguiding meth-
ods for generating the plasma cladding. These measure-
ments agree with those in [27], which also used Bessel
beam ionization and heating, and are in contrast with
[30,35], where a short focal length lens was used for plasma

generation, a setup inconsistent with the requirements for
meter-scale plasma waveguides.
The shock propagates as a cylindrical blast wave

expansion at approximately the ion acoustic speed [45],
with the CP-induced expansion ~5%–10% greater than the
LP expansion. Interestingly, the neutral density profiles in
Figs. 2(a′) and (b′) peak off center at Δt ∼ 4–5 ns, and then
relax within ∼1–2 ns. This may be caused either by a local

(a)

(b)

(d)

(c)

FIG. 1. Experimental setup showing plasma generation and transverse two-color interferometric probing. QWP: λ=4 plate.
(a) Measurement of linear polarization (LP, blue) and circular polarization (CP, red) of the Bessel beam. (b) Phase shift image at
Δt ¼ 10 ns with 400 nm probe beam. (c) Phase shift image at Δt ¼ 10 ns with 800 nm probe beam. (d) Image of 50 cm long hydrogen
backfill fluorescence for Bessel beam energy 150 mJ. An image of fluorescence from Bessel-beam-heated 20 cm long H2 jet plasma is
superimposed. The in situ 20 cm jet, not used in these experiments, is shown for scale.
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overestimate of the H2 density caused by neglect of the
atomic hydrogen contribution to the probe phase shift [40],
or from cylindrical implosion of an initial plasma annulus
outside the central plasma [46] driven by the side lobes of
the Bessel beam. In that case, the neutrals may originate
from unionized gas from the Bessel beam nulls that is
compressed inward. Further experiments are needed to
resolve whether this feature is real or an artifact of our
interferometry analysis.
While the initial plasma is generated by ultrafast OFI on

the few femtosecond timescale, the ionization level of the
plasma can later change on the nanosecond hydrodynamic
timescale via recombination and collisional ionization. To
assess the change in total charge during hydrodynamic
expansion, we plot in Fig. 2(c) the radial integral of the
electron density profile QðΔtÞ ¼ R

dr2πrNeðr;ΔtÞ, the
electron density per unit length of the plasma channel,
proportional to the vertical integral of λ ¼ 800 nm probe

phase plots [such as in Fig. 1(c)], where the electron
contribution dominates. The bump in QðΔtÞ near
Δt ∼ 4–5 ns is associated with the peaks in Figs. 2(a′)
and 2(b′) at the same delay and may either be an artifact
from interferometry analysis [40] or real. If real, the electron
density would temporarily follow the locally compressed
density of heavy particles [see Figs. 2(a) and 2(b)]. Because
the radial edge of the plasma is below the interferometric
density sensitivity, this gives the apparent (but not real) effect
of an increase in linear electron density at Δt ∼ 4–5 ns. To
within error, the charge remains constant for both LP and CP,
with the CP result slightly larger at most delays.
Figure 2(d) plots the y-averaged electron density

hNeðxÞiy ∝ −ΔϕeðxÞ at delay Δt ∼ 1 ps, well before any
hydrodynamic response. The curves for LP and CP reveal a
plasma column wider than the Bessel beam focal profile
jJ0ðk⊥rÞj2 in vacuum, where k⊥ ¼ k sin γ. Rings of elec-
tron density from ionization by the Bessel beam lobes are

(a) (b)

(a′)

(c) (d)

(b′)

FIG. 2. Evolution of electron [(a) and (b)] and neutral hydrogen [(a′) and (b′)] density profiles for delays Δt ¼ 0–10 ns for
εBessel ¼ 150 mJ, pulsewidth 50 fs, Bessel beam axis approach angle γ ¼ 2.3°, and beam radius 2 cm. (a) Electron density profiles
Neðr;ΔtÞ for LP. (b) Electron density profiles Neðr;ΔtÞ for CP. (a′) Neutral hydrogen density for LP, (b′) neutral hydrogen density for
CP, and (c) electron density per unit length QðΔtÞ ¼ R

dr2πrNeðr;ΔtÞ. (d) Plasma phase shift at delay Δt ∼ 1 ps, induced by LP (red)
or CP (blue) Bessel beam, measured by the 400 nm probe beam. An ideal Bessel beam profile in vacuum (black) is plotted for reference.
The measurement uncertainties are described in Appendix A.
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clearly seen and are displaced from the rings of jJ0ðk⊥rÞj2.
This is consistent with refraction of the later time slices of
the Bessel beam pulse by plasma generated earlier in the
pulse. This is confirmed by the Bessel beam propagation
simulations discussed in Sec. III. Notable is the wider curve
for LP. While hydrogen ionization saturates near beam
center for both LP and CP, the larger peak electric field in
the LP pulse generates more ionization in the wings.

III. SIMULATIONS OF FEMTOSECOND BESSEL
BEAM PROPAGATION, PLASMA GENERATION,

AND HEATING

Given the Bessel beam geometric focal length
Lfoc ∼ R= tan γ, generation of meter-length OFI plasma
waveguides using beam radius R < 3 cm requires γ <
∼30 mrad ð∼1.7°Þ. Such small approach angles make
the Bessel beam susceptible to exclusion from the focal
region when its generated electron density exceeds the
effective critical density, Ne > Ncr;eff ¼ Ncrsin2γ, where
Ncr andNcr;eff are the critical and effective critical densities.
However, even for densities below Ncr;eff, the beam can be
significantly refracted and distorted. For example, the
plasma density Ne ∼ 1017 cm−3, which is in the optimal
range for multi-GeV acceleration by λ ∼ 800 nm laser
drivers (where Ncr ¼ 1.74 × 1021 cm−3) [10,11], is
reached after hydrodynamic expansion from an initial
density Ne ∼ 1018 cm−3 [11,26,27]. For this density,
Bessel beam exclusion will occur at γ < 1.4°, but refraction
and distortion can still be expected at larger γ. Furthermore,
at the intensities required for plasma generation, a signifi-
cant effect is nonlinear propagation of the prefocus Bessel
beam rays in the target gas.
These considerations imply that accurate simulation of

OFI and heating requires self-consistent treatment of Bessel
beam pulse propagation in the target gas. In the earlier
work, we perfomed self-consistent propagation simulations
in the context of our 2-Bessel method for plasma wave-
guide generation [26]. In even earlier work, Bessel beam-
plasma interaction had been self-consistently simulated for
100 ps pulses [47], where hydrodynamic evolution during
the interaction was taken into acccount. In the present case
of a 50 fs pulsed Bessel beam, there is ionization but no
hydrodynamic evolution during the pulse.
Here, we use our nonparaxial carrier-resolved electro-

magnetic propagation code YAPPE [27], based on the unidi-
rectional pulse propagation equation [48], to establish the
initial gas and plasma conditions for a subsequent hydrocode
simulation (Sec. IV). We assume cylindrical symmetry,
justified by the high fidelity Bessel beams we generate
using phase correction [39]. YAPPE includes all important
nonlinear propagation effects, including the nonlinear
index of refraction of gas constituents [49] and ionization.
The ionization model tracks the neutral and ion species H2,
Hþ

2 , H, and Hþ via coupled rate equations of atomic

hydrogen, ionization, and dissociation of molecular hydro-
gen (see Appendix B) and considers only the molecular
vibrational ground states. The code calculates the ioniza-
tion rate of molecular hydrogen using the molecular
Perelomov-Popov-Terent’ev model [50–53]. Following
[53], we assume two-step ionization of molecular hydro-
gen: H2 → Hþ

2 þ e, Hþ
2 → Hþ Hþ → Hþ þ Hþ þ e.

The simulation input pulse (40 mJ, 50 fs FWHM) is a
fourth order super-Gaussian profile with a 1=e field radius
w0 ¼ 1 cm at its waist, giving Lfoc ¼ 25 cm for γ ¼ 2.3°;
the simulation Bessel beam peak vacuum intensity
and profile are the same as in the experiment. The
simulated pulse propagates from the axicon output
through 30 cm of neutral H2 at molecular density
1.6 × 1018 cm−3. The longitudinal average electron tem-
perature after the pulse is calculated as kBTeðr; zÞ ¼
ð2=3Þ½R dξðdNe=dξÞ�−1

R
dξðdNe=dξÞjpj2=2m, where ξ ¼

vgt − z is the local longitudinal coordinate in the compu-
tation window moving at vg ¼ c cos γ, p ¼ eAðr; ξ; zÞ=c
is the initial electron momentum at the position and time
of ionization, A is the laser pulse vector potential, and the
integration is taken over the full laser pulse envelope
within the computation window.
Figure 3 presents the YAPPE simulation results for LP,

with Fig. 3(a) plotting the on-axis peak instantaneous (not
cycle averaged) intensity vs z with and without 67 mbar H2

gas present. The peak vacuum intensity of 4 × 1015 W=cm2

corresponds to our experimental conditions for a 50 fs,
150 mJ Bessel beam pulse. The bell-shaped profile along z
in vacuum is caused by the radial weighting of the incident
beam profile on the axicon and its projection into the focal
volume [21]. With the gas present, the profile flattens to a
relatively constant peak instantaneous intensity ∼7 ×
1014 W=cm2 owing to refraction of the Bessel beam from
its self-generated plasma, and its central lobe (bounded by
the first dark ring) expands from a radius of ∼7 μm at z ¼
0.9 cm [Fig. 3(b)] to ∼16 μm at z ¼ 15 cm [Fig. 3(c)].
Movies of the Bessel pulse propagation are available in the
Supplemental Material [40].
The postpulse electron density and temperature profiles

are plotted in Figs. 3(d) and 3(e), where the peak values are
∼3 × 1018 cm−3 and ∼12 eV. Bessel beam refraction by
the plasma effectively improves the uniformity and effi-
ciency of OFI heating by leveling the axial variation of peak
intensity and expanding the OFI radius, particularly when
the plasma density is close to or above Ncr;eff . The radial
extent of the ionization and heating falls off at the ends
of the plasma owing to the falloff in peak intensity there
[blue curve in Fig. 3(a)]. We note that at γ ¼ 2.3°,
Ncr;eff ∼ 3 × 1018 cm−3, consistent with the peak electron
density plotted in Fig. 3(d).
A similar simulation was performed for CP, with all other

laser and gas parameters the same. Figure 4(a) plots the
peak instantaneous intensity with and without H2 gas
present, with refractive leveling of the peak intensity (here
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to ∼4 × 1014 W=cm2) similar to Fig. 3(a). The central lobe
similarly widens between z ¼ 0.9 cm and z ¼ 15 cm
[Figs. 4(b) and 4(c)], and peak electron density similarly
reaches ∼3 × 1018 cm−3 [Fig. 4(d)] because the peak laser
field, even for CP, is sufficient for saturatedOFI of hydrogen.
Themain difference in theCP case is the higher peak electron
temperature, which reaches ∼45 eV [Fig. 4(e)].

IV. HYDRODYNAMIC SIMULATIONS

We use the code SPARC [37] to simulate the hydro-
dynamic evolution up to 10 ns after the ultrashort pulse
Bessel beam ionization and heating of the hydrogen gas.
The code tracks the evolution of the velocity fields and the

density and temperature profiles of the electrons and
combined ion/neutral heavy particles (see Appendix C).
It also tracks, via rate equations, the populations of H2

(ν ¼ 1; 2) (the first two hydrogen vibrational levels), Hþ
2 ,

H, and Hþ. All simulations were performed in 1D cylin-
drical geometry, consistent with the symmetry of the Bessel
beam and plasma generation in our experiments.
The initial pressure profile, which initiates the hydro-

dynamic evolution, was computed as the sum of the
electron and ion pressures. The electron pressure is the
product of the electron density and electron temperature
profiles computed from the YAPPE simulations of Figs. 3
and 4. The ion pressure was initiated either at zero (for
room temperature ions) or at a level consistent with an ion

(a)

(b)

(d)

(e)

(c)

FIG. 3. YAPPE simulation results for LP Bessel beam pulses (40 mJ, 50 fs FWHM, fourth order super-Gaussian profile with 1=e field
radius w0 ¼ 1 cm, γ ¼ 2.3°). (a) Peak on-axis instantaneous laser intensity with (blue) and without (red) H2 gas present. (b) Bessel beam
intensity envelope (×3) at z ¼ 0.9 cm. Red arrow indicates propagation direction. (c) Bessel beam intensity envelope at z ¼ 15 cm.
τ ¼ ξ=vg ¼ t − z=vg is the temporal coordinate in the moving window. (d) Electron density. (e) Electron temperature.
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temperature (3 eV) established by Coulomb explosion of
Hþ

2 during the Bessel beam interaction (see below).
Figures 5(a) and 5(b) show the evolution of electron
density (dashed curves) and combined heavy particle
(H2;H

þ
2 ;H;H

þ) density (solid curves) for LP and CP
pulses. The number density of heavy particles, Nheavies,
is the equivalent molecular density (or half the number of
protons). The ultrafast heated plasma column drives a
decreasing heavy particle density on axis and an expanding
shock wave in the surrounding neutral gas. The electron
density evolves as a widening and declining peaked
profile with no concave guiding structure developing, in
agreement with the measurements of Fig. 2. The profiles are
consistent with the measurements of Figs. 2(a), 2(a′), 2(b),

2(b′) and [27], with a relatively flat central electron density
profile in the low 1017 cm−3 range.One experimental feature
not reproduced in the simulations is the transient off-center
peak in neutrals at Δt ∼ 4–5 ns, a discrepancy likely related
to modeling of multispecies shocks, and currently being
studied. In our multi-GeV LWFA experiments [11], the full
plasma waveguide is formed by self-waveguiding [27],
where the central electron density profile forms the wave-
guide core, and the self-waveguiding pulse ionizes the shock
walls to form the cladding.
Quantitative comparison of experiments and simulations

is presented in Figs. 5(d) and 5(e). Figure 5(d) plots the
measured and simulated shock peak position Rs vs time
[from Figs. 2(a′) and 2(b′)], with the Rs ∝ t1=2 cylindrical

(a)

(b)

(d)

(e)

(c)

FIG. 4. YAPPE simulation results for CP Bessel beam pulses (40 mJ, 50 fs FWHM, fourth order super-Gaussian profile with 1=e field
radius w0 ¼ 1 cm, γ ¼ 2.3°). (a) Peak on-axis instantaneous laser intensity with (blue) and without (red) H2 gas present. (b) Bessel beam
intensity envelope (×3) at z ¼ 0.9 cm. Red arrow indicates propagation direction. (c) Bessel beam intensity envelope at z ¼ 15 cm.
τ ¼ t − z=vg is the temporal coordinate in the moving window. (d) Electron density. (e) Electron temperature.
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blast wave time evolution [45] fit to the experimental
points. It is seen that the experimental curves for LP and CP
are close together and line up with the CP simulation, while
the LP simulation underesimates the shock position by up
to ∼40%. Figure 5(e) replots the electron density integral
QðΔtÞ vs Δt from Fig. 2(c), showing reasonable agreement
with the LP simulation, while the CP simulation over-
estimates the measurement by ∼2×. The simulation plots
show that plasma recombination is not significant over the
first ∼10 ns of hydrodynamic evolution.
The main discrepancy between the experiment and

simulation is that the LP and CP results are similar in
the experiment but different in the simulations. In Fig. 5(b),
the higher electron temperature in the CP case is seen to
drive collisional ionization in the wings of the expanding
electron profile near the shock; however, as seen in the
measurements of Fig. 2(b), these lower density wings are
not captured by interferometry. We, therefore, interpret the
similar linear charge densities for LP and CP in Fig. 5(e) as
reflecting the limited sensitivity of the interferometric
measurements to low densities. Regarding the similarity
of LP and CP experimental results in Fig. 5(d), we suggest
that the simulation’s neglect of the Coulomb explosion
channel (Hþ

2 → Hþ þ Hþ þ e) underestimates the ion tem-
perature in the LP case. Indeed, LP has a higher probability
of driving Coulomb explosion via Hþ

2 bond softening and
ionization of intermediate vibrational states, with directly
generated ion energies εi ∼ 4 eV [54,55] for approximately

our intensity and pulsewidth. The ions experience a ∼1 μm
collisional mean free path and instantaneously boost the ion
temperature to Ti ∼ ð2=3Þεi ∼ 3 eV, contributing signifi-
cantly to the subsequent hydrodynamic expansion. By
contrast, the timescale for electron-ion energy transfer by
the OFI-heated electrons at these densities is several
nanoseconds, while cooling the electrons. We account
for the Coulomb explosion boost to the ion temperature
in an additional SPARC simulation for LP with the ion (Hþ

and Hþ
2 ) temperature initialized at Ti ¼ 3 eV. The results

are plotted in Fig. 5(c): while the electron density profiles are
only slightly wider than in Fig. 5(a), the heavy particle
profiles are closer to those of Fig. 5(b). This is also shown in
Fig. 5(d), where the associated shock position (Rs) curve
(“LPþ CE 3 eV” in legend) is now in better agreement with
experiment. It is seen that increasing initial ion temperature to
Ti ¼ 6 eV has only a minor effect (“LPþ CE 6 eV” in
legend). To summarize, while our initial expectationwas that
CP-ionized waveguides would expand faster than
LP-ionized guides owing to greater electron heating [com-
paring Figs. 3(e) and 4(e)], our experimental results show
only a small polarization effect. A likely explanation is LP-
favored Coulomb explosions of Hþ

2 , which boosts the ion
temperature enough to make LP competitive with CP.
We now use the results of the hydrocode simulation

[corresponding to Fig. 5(c)] to compute the lowest order
guided mode of the evolving plasma waveguide. We take as
the waveguide plasma density profile the sum of the plasma

(a) (b) (c)

(d)

(e)

FIG. 5. SPARC simulation result using YAPPE output for (a) LP and (b) CP as initial conditions. (c) LPþ CE (linear polarization and
Coulomb explosion-imposed ion temperature of Ti ¼ 3 eV). (d) Simulated shock peak position Rs vs time [(a)–(c)] and comparison
with Figs. 2(a′) and 2(b′). (e) Simulated electron density per unit length QðΔtÞ ¼ R

dr2πrNeðr;ΔtÞ for LP, CP, and LPþ CE, overlaid
on the LP and CP measurements from Fig. 2(c).
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and neutral atomic densities (accounting for plasma wave-
guide generation by self-waveguiding [27]), giving the
plasma density profile vs delay plotted in Fig. 6(a). Owing
to the finite height and width of the shock wall-formed
plasma waveguide cladding, all modes are quasibound to
varying degree and are found using our Helmholtz solver to
analyze the quasibound mode k⊥ spectrum [26,27,38]. For
low-leakage hydrodynamic plasma waveguides for appli-
cation to LWFA, the lowest order quasibound mode is
numerically indistinguishable from a bound eigenmode,
here with a leakage attenuation length [38] more than an
order of magnitude longer than a 1 m waveguide. The
lowest order mode intensity profile of the hydrodynamically
evolving waveguide is plotted in Fig. 6(b), showing tuna-
bility of the mode size as a function of delay, with the solid
white line marking the evolution of the 1=e2 intensity spot
radius wch. Noting the flat central region of electron density
and its abrupt rise at the shock, the plasma waveguide can
approximated as a step-index fiber [26], where the step
index fiber parameter [56] is V¼ kaðn2core−n2cladÞ1=2≈
kRsðΔNe=NcrÞ1=2, where a ≈ Rs is the waveguide core
radius, ncore ¼ 1 − Ncore

e =2Ncr and nclad ¼ 1 − Nclad
e =2Ncr

are the waveguide core and cladding refractive indices, and
ΔNe ¼ Nclad

e − Ncore
e is the plasma density difference

between the core and cladding. For the conditions of
Figs. 5 and 6, V ∼ 10 so that the guided spot radius is
[57] wstep

ch ¼ að0.6484þ 1.619V−3=2 þ � � �Þ ≈ 0.65Rs, plot-
ted as the dashed line in Fig. 6(b). The solid and dashedwhite
curves agreewell over 1–5 ns delay and diverge only slightly
thereafter, indicating that the step index approximation is
representative of the waveguide transverse profile and is
reasonably accurate for estimates of the fundamental
mode size.

V. SIMULATIONS FOR METER LENGTH AND
LONGER PLASMA WAVEGUIDES

To accelerate beyond 10GeV, plasmawaveguidesmust be
longer than the ≤ 30 cm guides we used to demonstrate
multi-GeV LWFA [11,17,28]. Using modern multi-petawatt
lasers [58] to drive acceleration to tens of GeV, plasma
waveguides will need to support lowest order modes
with wch ∼ 100 μm and central plasma density Ne0 ∼
1016–1017 cm−3, for which the 1D nonlinear dephasing
length [59] is at least several meters. For example, recent
simulations show that a LWFA driver pulsewidth 220 fs,
energy 312 J, matched spot size w0 ¼ wch ¼ 85 μm, and a
linearly ramped 6 m long channel (Ne0 from 1.2 ×
1016 cm−3 to 2.4 × 1016 cm−3), results in energy gain to
100GeV [60]. These laser parameters are consistent with the
ELI-Beamlines L4 laser [58].
As an example of the typical waveguide generation

requirements for this regime, Figs. 7 and 8 show simulations
of the Bessel-beam-induced initial conditions in hydrogen
gas and the evolution of its hydrodynamic response. Figure 7
shows results of YAPPE simulations ofBessel beam ionization
and heating of uniform density hydrogen gas, here with a
0.5 J, 150 fs, λ ¼ 1.057 μmLPBessel beampulsewithw0 ¼
1 cm and γ ¼ 10 mrad axis approach angle, laser parameters
typical of [58]. Here, we simulate generation of a meter-long
section of a plasma waveguide, for which longer guides
would be concatenated with several possible schemes while
scaling up the energy appropriately. Figures 7(a) and 7(b)
show the Bessel beam spatiotemporal intensity profiles at
z ¼ 4 cm and z ¼ 60 cm, illustratingBessel beamdistortion
due to refraction from self-generated plasma, similar to
Figs. 3 and 4—leading to a more axially uniform peak
intensity [as in Figs. 3(a) and 4(a)] and a uniform on-axis
plasma density [Fig. 7(c)]. The electron temperature profile
[Fig. 7(d)] peaks at ∼11 eV.
The hydrodynamic response is modeled by SPARC [37]

using the YAPPE-derived plasma density and electron temper-
ature profiles at z ¼ 60 cm [from Figs. 7(c) and 7(d)], along
with an initial ion temperature of Ti ¼ 3 eV from the
hydrogen Coulomb explosion channel (see Sec. IV). The
evolving profiles of electron and heavy particle density are
plotted in Fig. 8. As before, we take the evolving plasma
waveguide profile to be the sum of the plasma and neutral
atomic densities, assuming that self-waveguiding has ionized
the shock region. The result is plotted in Fig. 7(e) as function
of delay Δt, with the associated fundamental quasibound
mode profile evolution shown in Fig. 7(f), demonstrating
delay-dependent tuning of the mode, with beam waists
wch > 100 μm. It is interesting to note that plasma generated
by the outer lobes of the Bessel beam initiates multiple lower
amplitude shock waves; by ∼6 ns these shocks are swept up
by the expanding plasma. This is likely due to the incomplete
handling of multispecies shocks and points to future hydro-
code improvements.

FIG. 6. (a) Plasma waveguide profile evolution, obtained by
adding the electron and neutral shock profiles of Fig. 5(b)
(accommodating self-waveguiding). (b) Intensity profile of the
lowest order quasibound mode vs waveguide evolution. The
profile at each delay is normalized. White solid line: e−2 intensity
mode radius. White dashed line: wch ≈ 0.65Rs (see text)
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VI. CONCLUSIONS

We have presented an experimental and simulation study
of hydrodynamically evolving plasma/gas channels initi-
ated by optical field ionization and heating of hydrogen gas
by short pulse Bessel beams. The initial electron density

and temperature profiles that drive the simulated hydro-
dynamic evolution are generated by self-consistent propa-
gation simulations of the short-pulse Bessel beam-gas
interaction. This is essential for very shallow approach
angles of the Bessel beam rays to the optical axis, required
for meter-scale length plasmas. Under these conditions,

(a)

(c)

(d)
(f)

(b)

(e)

FIG. 7. YAPPE and SPARC results for extendable meter-length plasma waveguide. (a) Bessel beam intensity envelope at z ¼ 4 cm (×2).
Red arrow is pulse propagation direction. (b) Bessel beam intensity envelope at z ¼ 60 cm. (c) Electron density profile at Δt ∼ 0.
(d) Electron temperature profile at Δt ∼ 0, indicating a peak of ∼11 eV. (e) Evolution of plasma waveguide profile to Δt ¼ 18 ns after
OFI by the Bessel beam, obtained by adding the electron and neutral shock profiles of Fig. 8 (accommodating self-waveguiding).
(f) Evolution of the fundamental mode intensity profile, normalized at each delay. The white line indicates the mode’s e−2 intensity
radius. Simulation parameters: Temporal grid size 0.12 fs, temporal window size 500 fs, average radial grid size 2 μm, radial window
size 1.6 cm, Bessel beam axis approach angle γ ¼ 10 mrad, input beam radius 1 cm, and uniform hydrogen molecular density
1 × 1017 cm−3.

FIG. 8. SPARC simulation of electron density and heavy particle profile evolution using YAPPE simulation output of Figs. 7(c) and 7(d)
as initial conditions. For LPþ CE (linear polarization and Coulomb explosion-imposed ion temperature of Ti ¼ 3 eV).
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self-generated plasma will refract and distort the Bessel
beam, strongly affecting the density and temperature
profiles ultimately generated. Using results of these sim-
ulations as initial conditions to a plasma hydrocode yields
evolving electron density and neutral density profiles in
good agreement with experiment, enabling realistic simu-
lation of the guided mode structure. With improvement of
model components such as reaction and ionization rates of
hydrogen species, and treatment of multispecies shocks, the
methods of this paper will be further refined for their
continued use as an LWFA design tool.
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APPENDIX A: DETAILS ON TWO-COLOR
INTERFEROMETRY DATA AND PROCESSING

The neutral gas and electron density profiles in Fig. 2 are
extracted using two-color interferometry with λ ¼ 400 nm
and λ ¼ 800 nm probe beams [27], with the probe geom-
etry depicted in Fig. 1. The phase shift for each color is

ΔϕðiÞðx; zÞ ¼ ki
R
dy½ðΔNgðx; y; zÞ=NSTPÞδnðiÞg;STP − Neðx;

y; zÞ=2NðiÞ
cr � ¼

R
dyðδϕðiÞ

g þ δϕðiÞ
e Þ ¼ ΔϕðiÞ

g þ ΔϕðiÞ
e where

i ¼ 1, 2 for the 800 and 400 nm probe beams, ΔNg is the
difference in hydrogen molecular density from uniform

backfill gas density (at 67 mbar), (1þ δnðiÞg;STP) is the
refractive index of hydrogen at standard temperature and
pressure (STP) at λ1 ¼ 800 nm and λ2 ¼ 400 nm, NSTP is

hydrogen density at STP, and δϕðiÞ
g and δϕðeÞ

e are the neutral
hydrogen and electron contributions to the refractive index.
The neutral gas and plasma density profiles are then
computed from Abel inversion [65] of the extracted phase

shift profiles ΔϕðiÞ
g and ΔϕðiÞ

e . The extracted electron and
neutral density profiles for εBessel ¼ 300 mJ are plotted
in Fig. 9.
The uncertainty in the Abel inverted plots is determined

by error propagation in the Abel inversion process. The
Abel transform is written as a matrix A, and the measure-
ment is expressed asG ¼ AF, where F andG are the phase
shift density and the measured phase shift, respectively.
The covariance matrices of F andG, var(F) and var(G), are
related by varðFÞ ¼ A−1varðGÞðA−1ÞT [66]. Usually, the
elements of G are independent so var(G) is diagonal, and
it is reasonable to write varðGÞ ¼ σ2I. Therefore,
varðFÞ ¼ σ2ðATAÞ−1. To calculate σ2, we use the square
of the deviation between the measured phase shift and
reconstructed phase shift ðϕexp − ϕrecÞ2 as an estimate of the
uncertainty. The uncertainty includes the contribution from

(a) (b)

(a′) (b′)

FIG. 9. Evolution of electron density (a), (b) and neutral density (a′), (b′) profiles for LP and CP Bessel beam pulses with
εBessel ¼ 300 mJ.
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the phase noise of interferograms and the deviation from
plasma from an ideally cylindrically symmetrical profile.
The limitations of the density extraction are discussed in [40].

APPENDIX B: BESSEL BEAM PROPAGATION
SIMULATIONS

The simulations of beam propagation in this paper were
performed using YAPPE (Yet Another Pulse Propagation
Effort), an implementation of the unidirectional pulse
propagation equation [48]. YAPPE numerically solves a
system of ordinary differential equations (ODEs) of the
form ∂Ak⊥ðω;zÞ=∂z¼ i2πQk⊥ðωÞPk⊥ðω;zÞexpð−iðkz−ω=
vgðωÞÞzÞ, where A ¼ Ak⊥ðω; zÞ is an auxiliary field related
to the Fourier transform of the optical field by
Eðω; zÞ ¼ A expðikzzÞ. The spectrum of radial spatial
frequencies k⊥ indices a system of ordinary differential
equations, which is solved using a GPU implementation of
the matlab ODE45 function. The model is solved in a
cylindrically symmetric geometry using discrete Hankel
transforms. Pk⊥ðω; zÞ is the nonlinear polarization of the
medium including (for our simulations in this paper): third
order optical nonlinearities in H2, ionization, and the
plasma response, ω is the angular frequency, vgðωÞ is
the group velocity of the pulse as a function of frequency,
kz ¼ ½ðω=vgðωÞÞ2 − k2⊥�1=2 is the longitudinal spatial fre-
quency, and Qk⊥ðωÞ ¼ ω=ckz.

For modeling Bessel beam nonlinear propagation, the
hydrogen nonlinear refractive index n2 [49] is scaledwith the
H2 neutral density such that it goes to zero when all neutrals
are ionized. The hydrogen ionization rate is computed with
the molecular Perelomov-Popov-Terent’ev model [50–53]
assuming sequential ionization of H2 molecules: molecular
ionization (H2 → Hþ

2 þ e), followed by dissociation
(Hþ

2 → Hþ Hþ). The temporal resolution and domain sizes
are δt ¼ 0.098 fs and T ¼ 200 fs. The average radial
resolution is Δr ¼ 1.0 μm and the radial domain size
rmax ¼ 2.0 cm. The axial step size is 100 μm. The moving
window velocity is vw ¼ c cos γ ≈ vg, taken to be consistent
with the on-axis group velocity vg of the beam generated by
the diffractive axicon. Note that this is different than for a
refractive or reflective axicon, where vg ≈ c= cos γ. Movies
of the Bessel pulse propagation are available in the
Supplemental Material [40].

APPENDIX C: HYDRODYNAMIC
SIMULATIONS USING SPARC

The SPARC code [37] solves the equations of multi-
species, fully nonlinear gas dynamics (Euler equations).
Here, the following species are tracked: e, Hþ, Hþ

2 , H, H2,
and the first two vibration levels of H2ðv ¼ 1; 2Þ. Diffusive
transport is accounted for in a separate, alternating step.
Here, temperature, pressure, and transport coefficients are

FIG. 10. Top: plots of two-body collisional rates vs electron temperature. Bottom: plots of three-body collisional rates vs electron
temperature. Included are associated reactions and literature references for their rates [61–64].
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evolved in time using the ideal gas equation of state for
each species. In a weakly excited gas, chemical kinetics is
used to explicitly track energetic degrees of freedom, such
as vibrational states, electronic states, and charge states.
Multispecies flow is handled as follows. Every species

satisfies its own mass conservation equation. Species of
similar mass are then gathered into groups with the same
temperature (the kinetic degrees of freedom of intragroup
particles are assumed to in thermal equilibrium at all times);
all species within a group share a common velocity field.
Here, all the heavy particles are in one equilibrium group
(“heavies”) and the light particles (electrons) are in the
other group, each with its own temperature. Each such
group satisfies its own momentum and energy equations
and couples to every other group via collision terms.
Electron-ion collisions are modeled with Coulomb cross
sections, and the electron-neutral collisions are modeled
with a fixed constant cross section σen ¼ 1.4 × 10−15 cm2

[67]. Diffusion of one group with respect to another is
tracked explicitly by means of collision terms.
The other reactions, plots of their rates, and the data

source citations are presented in Fig. 10. The thermal
conductivity and viscosity of the ions/electrons follow the
Braginskii equations [68] and those of the neutrals follow
the three-coefficient Sutherland’s law [69]. All the heavy
particles are in one equilibrium group, “heavies,” with the
same temperature, and the transport properties of the group
are the density weighted sum of each species.

Corresponding to the simulation of Fig. 3, Fig. 11 plots
the density profile evolution of several hydrogen species
along with the evolution of the electron temperature and
heavy particle and electron pressure profiles. Note the
relatively low level presence of atomic hydrogen radially
inside the shock owing to electron collisional dissociation
of H2 at the leading edge of the expanding plasma. Our
analysis, therefore, overestimates the H2 density in that
location by < ∼5 × 1017 cm−3, with negligible error else-
where [40]. This overestimate may contribute the apparent
H2 density peaks inside the shock at delays Δt ∼ 4–5 ns
in Fig. 2.
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